[1] We investigated micromechanical properties and ultrastructure of the shells of the modern brachiopod species Lingula anatina, Discinisca laevis, and Discradisca stella with scanning electron microscopy (SEM, EDX), transmission electron microscopy (TEM) and Vickers microhardness indentation analyses. The shells are composed of two distinct layers, an outer primary layer and an inner secondary layer. Except for the primary layer in Lingula anatina, which is composed entirely of organic matter, all other shell layers are laminated organic/inorganic composites. The organic matter is built of chitin fibers, which provide the matrix for the incorporation of calcium phosphate. Amorphous calcium phosphate in the outer, primary layer and crystalline apatite is deposited into the inner, secondary layer of the shell. Apatite crystallite sizes in the umbonal region of the shell are about 50 Â 50 nm, while within the valves crystallite sizes are significantly smaller, averanging 10 Â 25 nm. There is great variation in hardness values between shell layers and between the investigated brachiopod species. The microhardness of the investigated shells is significantly lower than that of inorganic hydroxyapatite. This is caused by the predominantly organic material component that in these shells is either developed as purely organic layers or as an organic fibrous matrix reinforced by crystallites. Our results show that this particular fiber composite material is very efficient for the protection and the support of the soft animal tissue. It lowers the probability of crack formation and effectively impedes crack propagation perpendicular to the shell by crack-deviation mechanisms. The high degree of mechanical stability and toughness is achieved by two design features. First, there is the fiber composite material which overcomes some detrimental and enhances some advantageous properties of the single constituents, that is the softness and flexibility of chitin and the hardness and brittleness of apatite. Second, there is a hierarchical structuring from the nanometer to a micrometer level. We could identify at least seven levels of hierarchy within the shells.
Introduction
[2] Fundamental interest in biogenic materials providing biomechanical support or protective structures arises from the fact that they share many design features with advanced engineering materials. Thus they may serve as prototypes for new developments in the design of structural or functional materials (see, e.g., Wegst and Ashby [2004] or Oyen et al. [2006] for recent overviews of mechanical properties of biomaterials). Biogenic hard tissues such as shells and skeletons are hybrid (i.e., organic/inorganic) composites, since they contain a certain amount of organic material which surrounds a mineral phase [Aizenberg et al., 2005; Mayer, 2005; Gilbert et al., 2005] . Even though the organic material may represent a very small volume fraction ($1%) it exerts a fundamental control on the nucleation and growth of the entire hybrid composite system. It is the key factor for the hierarchical organization of the biomaterial [e.g., Currey, 2005; Rousseau et al., 2005] as well as the controlling agent for the development of its distinct multifunctional properties [Mayer and Sarikaya, 2002; Cölfen and Mann, 2003; Sarikaya et al., 2004] . A strong influence on the crystallographic orientation of the biomineral constituents [Iijima and Moriwaki, 1990; Schmahl et al., 2004] is provided by the organic matrix. Functional properties such as stiffness and hardness of the biomaterial can be altered by changing the ratio of the organic to inorganic components or the structural organization on any length scale. Notably crack propagation within the shells [Griesshaber et al., 2007] and bones [Currey, 2002] is greatly reduced by the presence of organic fibers, membranes and organic layers [Kamat et al., 2000; Okumura and de Gennes, 2001; Ji and Gao, 2004] .
[3] While the relationship between microstructure and micromechanical properties, such as hardness, crack formation and crack deviation, is well studied for biological aragonite [Laraia and Heuer, 1990; Kamat et al., 2000; Aizenberg et al., 2005] , biological calcite [Griesshaber et al., 2007] and biological silica [Sarikaya et al., 2001; Sundar et al., 2003] , this has been done to a much lesser extent for marine biological phosphate. Mechanical properties of inarticulated (phosphatic) brachiopod shells are unknown. In order to gain a more complete understanding of the microstructure and micromechanical properties of shells of marine organisms we have extended our previous studies on calcitic brachiopod shells [e.g., Griesshaber et al., 2005 Griesshaber et al., , 2007 ] to phosphatic forms. For this purpose SEM and TEM imaging of Lingula anatina, Discinisca laevis and Discradisca stella has been combined with Vickers microhardness analysis. Brachiopods in general (phosphatic as well as calcitic genera) are ideal for a wide range of studies, such as evolutionary systematics [e.g., Williams et al., 1994 Williams et al., , 1997 Williams et al., , 1998a and variations in oceanographic conditions [e.g., Veizer et al., 1999; Bruckschen et al., 1999; Brand et al., 2003; Parkinson et al., 2005] , as well as for the study of biomineralization processes and properties of biomaterials [e.g., Schmahl et al., 2004; Griesshaber et al., 2007] . Brachiopods have existed since the late Proterozoic, they occur in a wide range of marine environments and they are still extant in several marine habitats, so they are well suited to such studies.
[4] The aim of this study is threefold: (1) to assess the internal architecture of phosphatic brachiopod shells with an enhanced resolution, (2) to explain micromechanical variations within phosphatic brachiopod shells and relate them to microstructural observations, and (3) to compare the results with those obtained on calcitic forms and other phosphatic biomaterials.
Sample Preparation and Analytical Techniques
[5] We investigated specimens of the modern phosphatic brachiopod species Lingula anatina (taken from shallow coastal waters in Japan), Discinisca laevis (taken from 0.5 m water depth in Namibia) and Discradisca stella (taken from 10 m water depth in Bali, Indonesia). For all analyses, SEM, EDX, Vickers microhardness and TEM cross and longitudinal sections were cut relative to the median plane of the shell. The obtained wafers were then prepared on both sides as highly polished, uncovered 150 micrometer thick sections coated either with vapor deposited graphite, or, in the case of broken shell fragments, with sputtered gold particles. For TEM studies, oriented shell fragments were cut out from a 500 micrometer thin section with a microtome. Subsequently, these microtome sections were thinned down to a thickness of about 30 micrometers through a combination of grinding and dimple grinding. The final Ar + ion-beam thinning created holes with wedgeshaped electron-transparent edges.
[6] SEM images and EDX analyses were performed on a LEO Gemini 1530 SEM, equipped with an HKL Technology Channel 5 EBSD system and an SiLi-based EDX detector (OXFORD ISIS) for chemical characterization of the sample. TEM observations were carried out on a Phillips CM30T electron microscope equipped with an EDX system constructed by Noran and an HPGe detector. Microhardness investigations were carried out with an Aquinto analyzer system, where the used microindenter complied to the DIN 50133 standard. Indentations were applied at room temperature on air-dried samples. Two distinct forces 0,49 N and 0.049 N were applied for the indentation. In both cases the force was held during the indentation on the sample for 10 seconds. A force of 0.49 N corresponds to the Vickers hardness unit HV 0.05/10, whereas the force of 0.049 N corresponds to the HV 0.005/10 unit. The reproducibility of Vickers microhardness measurements on a homogeneous glass or metal standard is 5 HV.
[7] In order to visualize distinct shell structures with SEM the specimens were treated chemically and enzymatically. For demineralization experiments we used pH-neutral 0.2 M ethylenediaminetetraacetic acid. The organic shell components were digested by proteinase-K (0.3 mg/mL) which was admixed to a pH-neutral buffer solution of disodiumhydrogenphosphate (100 mMol/L). To degrade both organic and inorganic compounds we used a bleach solution of 3.5% sodium hypochlorite of pH 10. These solutions were applied to the samples for 24 hours. Subsequently, they were washed twice for 10 minutes with distilled water and dried for 24 hours at 60°C.
Results
3.1. General Shell Structure of Lingula anatina, Discinisca laevis, and Discradisca stella
[8] A strongly layered shell structure is the overall architectural feature of the shell of the investigated modern brachiopod species of the species Lingula anatina, Discinisca laevis and Discradisca stella. The layers are composed of arrays of chitin fibers with the degree of mineralization varying greatly from layer to layer. The mineralization consists of either nanoparticles of amorphous calcium phosphate or of crystalline apatite, which are attached to chitin fibers.
[9] An organic outer membrane, the periostracum, coats the shells of all brachiopods. Its width and habit varies for the different investigated brachiopod taxa. The periostracum of Lingula anatina is about 2.5 micrometers thick and can be subdivided into two layers. In Discinisca laevis the periostracum is rippled and its thickness varies greatly owing to a random incorporation of minute external particles. At its thickest parts it reaches about 20 micrometers. Similarly, periostracum thickness of Discradisca stella is uneven and ranges between 0 and 4 micrometers. The shell of all studied species can be subdivided into two sublayers, an outer primary (PL), and an inner secondary (SL) shell layer. In Lingula anatina the primary layer is composed entirely of organic matter, while in Discinisca laevis and Discradisca stella this layer is a composite of an organic matrix and amorphous Ca-phosphate or occasionally crystalline apatite. The thickness of the primary layer varies in the investigated specimens between 30 and 40 micrometers.
[10] TEM and SEM images (Figures 1a and 1b) of the primary layer of Discradisca stella show that this shell layer is composed of chitin fibers into which calcium phosphate particles are embedded. Our TEM investigations reveal predominantly amorphous calcium phosphate (ACP), with only occasional occurrences of minute apatite crystals ( Figure 1a ). This observation is in contrast to previous work, that has claimed that the primary layer of calciumphosphatic inarticulate brachiopods can be regarded as an intercalation of beta-chitin fibers and apatite-like minerals, such as francolite or carbonate-substituted hydroxyapatite [Williams et al., 1998a; Williams and Cusack, 1999; Lévêque et al., 2004] . As presented in Figure 1b , particle sizes of Ca-phosphate in the studied species are quite homogeneous and are around 50 nm. These particles occur with a spheroidal morphology, they are aligned onto twisted chains (Figure 1b ) [Iwata, 1981; Williams et al., 1994] and build a layered compound structure of chitin and amorphous calcium phosphate (Figure 2 ).
[11] The inner, secondary shell layer of the investigated species consists of a fiber composite structure, where inorganic particles are embedded in an organic matrix. Chitin fibers and an interconnecting proteinaceous coat [ Williams et al., 1994] serve as substrates for the calcium phosphate phase, which, in contrast to the outer, primary shell layer is predominantly crystalline (Figure 3a ). The size of crystallites varies in different portions of the shell. In Discradisca stella, for example, crystals at the umbo (the oldest part of the shell) are rounded and are about 50 Â 50 nm in size (Figure 3b ), whereas crystals closer to the marginal fold are slightly elongated and have sizes around 10 Â 25 nm ( Figure 3c ). Crystals within the umbonal region in Discradisca stella occasionally exhibit an hexagonal shape and thus have, although of biogenic origin, the morphology of inorganic apatite. The thickness of the secondary layer of the investigated specimens is several hundred micrometers, 600À800 micrometers in Lingula anatina, 400 to 600 micrometers in Discradisca stella and 200 to 400 micrometers in Discinisca laevis.
[12] Rhythmic organic/inorganic laminates characterize the secondary layer of Lingula anatina. The basic unit in Lingula anatina (Figure 4 ) begins with a thin organic membrane, which is followed by a highly mineralized compact layer, followed by a considerably less mineralized transitional layer. This basic unit end with an organic layer again, which is significantly thicker than the starting organic membrane. As observable in Figure 4 this sequence is repeated within the shell several times. However, although the basic unit described above is always present, in the anterior shell region organic layers are predominant, while in the posterior shell region the highly mineralized compact layers are prevail.
[13] The internal structure of the secondary layer of Discradisca stella resembles closely that of Discinisca laevis [see Williams et al., 1998b ] and can also be described by an alternating sequence of organic and inorganic layers. In contrast to Discinisca laevis, Discradisca stella shows an inhomogeneous fracture behavior. In the outer part of the secondary shell ($300 micrometers, directly beneath the primary layer) the polished surface is corrugated as can be seen from Figure 10 in section 3.2 and in SEM images of fracture surfaces (not shown). In the inner part, the polished surface as well as the fracture surface is planar. We refer to this fracture behavior as a brittle or a cleaving fracture. Baculate structures (Figures 5a -5d ) are the most conspicuous architectural features of the secondary shell layer of Discradisca stella. These structures are strings (Figures 6a and 6b) of organic fibers onto which apatite crystallites are attached. They bridge two compact sublayers. The compact layers can be described as compact and parallel arrays of baculi ( Figure 5 ). The location of the baculate structures is shown in Figure 8b in section 3.2. [15] In comparison to the microhardness measured on inorganic hydroxyapatite (250 < Vickers microhardness < 300 HV0.05/10), the hardness of the shells of Lingula anatina, Discinisca laevis and Discradisca stella is significantly lower. This is in marked contrast to the hardness behavior of calcitic brachiopods, where in comparison to inorganic calcite both, lower but also much higher microhardness values have been obtained [Griesshaber et al., 2005 [Griesshaber et al., , 2007 .
[16] Significant differences in microhardness occur between the three investigated brachiopod genera. The microhardness of Lingula anatina varies between 23 and 192 HV 0.05/10, that of Discinisca laevis between 34 and 90 HV 0.05/10 and that of Discradisca stella between 63 and 163 HV 0.05/10, respectively. While microhardness values between 23 and 25 HV 0.05/10 are representative for the purely organic layers of Lingula anatina, the highest microhardness values of 192 HV 0.05/10 are present in the compact, highly mineralized shell regions of the body platform. Discinisca laevis shows the lowest microhardness values of all three investigated brachiopod genera. This can be explained by a higher fraction of organic matter within the shell of this brachiopod, but it can also be attributed to the presence of micropores, which are oriented parallel to the shell outer surface and perpendicular to the shell growth direction. The microhardness values in Discradisca stella along the innermost shell region, next to the soft organic parts of the animal, scatter around 110 HV 0.05/10, the highest hardness (120À160 HV 0.05/10) occurs within the central portion of the shell, while the lowest micro- Figure 4 . SEM image indicating the sequence of a rhythmic unit within the secondary shell layer of Lingula anatina. A rhythmic unit starts with an organic membrane (om), which is followed by a strongly mineralized compact layer (cl), a significantly less mineralized transitional layer (tla and tlb) and ends with a thick entirely organic layer (ol). Cracks (cr) typically appear in the compact layer. hardness (85HV 0.05/10) has been measured along the outermost shell segments.
[17] Figure 7b -7e show indentations along a profile ranging from the outer to the innermost layer of the shell of Lingula anatina. The values for microhardness indents which have been placed in the more strongly mineralized sections of the shell are underlined, while the other values correspond to indentations which were placed in the organicrich segments. Vickers indents in phosphatic shells show a regular pyramidal appearance in contrast to those in calcitic shells, where fracturing and delamination is observed around the indents. The ductility of the phosphatic shells can be attributed to the higher amount of organic material, the fibrous nature of the organics and the nanoscopic particle size of the inorganic component. As observable in Figures 7b-7e the more strongly mineralized lamellae of the shell are harder and have hardness values that scatter between 80 and 260 HV 0.05/10. The shell becomes softer along its inner side. A mineralized and organic-rich interlayering is observable, where toward the innermost layer of the shell the organic-rich sublayer becomes predominant (Figures 7f  and 7g ). The innermost layer is highly organic-dominated and has a Vickers hardness of 26 to 27 HV 0.05/10. In general, we observe for both types of indents, those placed into the mineralized and those placed into the organic-rich lamellae, a decrease in hardness values from the outer to the innermost part of the shell (see Figures 7d and 7e) . This can clearly be attributed to an increased fraction of organic material. In Lingula anatina we observe an interlayering between mineralized and organic-rich layers on two scale levels (Figures 7f and 7g) . One scale level is given in Figure 7f , where mineralized and organic-rich sublayers alternate with a period in the range of 30 micrometer. Figure 7g shows the interlayering on a higher scale level. The organic-rich sublayers can themselves be regarded as interlayerings between organic and mineralized lamellae.
[18] Figures 8c and 9b show the detailed hardness distribution patterns in the shell of Discradisca stella and Discinisca laevis. These brachiopod species do not show the simple outer hard-inner soft distribution pattern of hardness of the secondary layer of Lingula anatina (this work), Megerlia truncata and Terebratalia transversa [Griesshaber et al., 2007] . The highest hardness values in the secondary layers of the shells of the epibenthic brachiopods are present in the center of the compact layers. In the anterior parts of Discradisca stella the corrugated surface may lower the measured values systematically. Indents in the corrugated area have microhardness values of around 90 HV 0.05/10, whereas indents in the planar areas have around 120 HV 0.05/10. In the umbo region we find values up to 160 HV 0.05/10. Discinisca laevis has quite uniform hardness values of around 85 HV 0.05/10 that are lowered to $40 HV 0.05/10 in the center of the shell. This is caused by an intermediate organic stratum in the investigated individual. In other samples SEM analyses (not shown) revealed much less amount of this layer located only in the anterior and posterior part of the shell.
[19] We could identify crack-blunting and crack-bridging mechanisms (Figure 10 ) within all three shells. The investigated cracks were mainly caused by sample preparation and not by the Vickers indents, which cause cracks in calcitic brachiopod shells.
Discussion

Similarities and Differences Between the Studied Inarticulated Brachiopod Species
[20] The most common feature of the investigated phosphatic brachiopod shells is the compact layer. In the investigated species, this layer is formed when apatite crystallites grow onto strings of organic material, predominantly chitin fibers. The phosphate contributes hardness, stiffness, and wear resistance to the material, and the chitin provides flexibility. The nanoparticulate nature of the calcium phosphate allows the chitin fibers to predetermine the propagation direction of a potential crack. The twisted character of these fibers leads to the sawtooth-like shape of the cracks (Figure 10 ). Several apatite-chitin strings form thin lamellae, a dense array of lamellae builds compact (Figures 7b-7e) are from indentations placed in the hard and mineralized laminae of the shell, while the other values represent indentations which were placed in the organic-dominated laminae. Not only the hardness values are significantly different (depending on whether they are indented in a predominantly mineralized or a predominantly organic-rich section) but also their shape. Clearly visible are the hardness differences between highly mineralized (hard) and the less-mineralized organic-rich shell layers. The organic-rich layers are best described as an interlayering of pure organic and inorganic-dominated lamellae. Figure 8c were done with a force of 0.049 N. The hardness distribution pattern is not straightforward, such that the shell is hard in its outermost layers and soft along its innermost segments. layers with different thickness, and a succession of compact and pure organic layers forms the hybrid laminated composite material of the shell.
[21] Repeated occurrences of pure, extremely soft, organic layers with intercalations of thin hard mineralized compact layers provide flexibility and strength, especially in regions where high bending strains may occur (e.g., Dicradisca stella, Figure 8b ). Transitional zones, where both, organic as well as inorganic phases are observable in the same layer are also present; however, they occur less often than pure organic and compact layers.
[22] According to specific habitat requirements in some forms the primary layer can even be entirely of organic material. This is the case for Lingula anatina, where the animal buries itself completely into the sediment and a flexible shell (Figure 7) is advantageous if the burrow narrows by sediment movements. In contrast to Lingula anatina, Discradisca stella and Discinisca laevis live above the sediment, and organic matter within their primary layer is much less important and serves as a matrix for the controlled formation of Ca-phosphate. The high hardness requirements (Figures 8 and 9 ) of the outer shell portion of these brachiopods are met through the incorporation of amorphous phosphate. A thin and hard primary layer potentially serves as protective cover distributing forces across a larger area of the inner secondary shell layer. The secondary shell layer of all investigated species does not contain as much amorphous phosphate as the primary layer. While there is a laminate of organic and thin mineralized layers in Lingula anatina, there is just a small number (2À4) of sublayers of the secondary layer, and the mineralization is more uniform in the thick and sturdy compact layers of the shells of the two epibenthic brachiopod species. For Discradisca stella the apparently uniform layer is differentiated into two sublayers with different fracture behavior: a corrugated surface in the outer part of the shell and a planar surface in the inner part. The corrugation effect could be due to the pullout of fiber bundles, which are separated by either weak organic or brittle inorganic boundaries, which prescribe the corrugation.
[23] The uniqueness of a biomaterial, regardless whether it is calcite-, silica-or phosphate-dominated, is given by its hybrid composite nature and its complex hierarchical organization, where every structural level contributes to the function of the resulting material design [e.g., Currey, 2005; Rousseau et al., 2005] . In the three phosphatic brachiopod species we could identify up to seven levels of structural hierarchy. In Lingula anatina for example the Figure 9 . Microhardness distribution pattern in the shell of Discinisca laevis. The overall distribution pattern is shown in Figure 9a while a detailed distribution of hardness is presented in Figure 9b . The applied force was 0.49 N and 0.049 N for the indentations shown in Figure 9a and 9b, respectively. first step is when organic fibers are formed, which in a second level are coated with nanometer-sized apatite particles. These organic-apatite strings are bundled together in the third structural level to thin lamellae, which in the fourth level form arrays and build the compact layer. The next higher structural level is characterized by lamination between pure organic portions and a compact layer. The rhythmic unit forms the fifth level of hierarchy, while repeated rhythmic units build the sixth level. The distinction between the primary and the secondary layer gives the last, seventh level of hierarchy.
[24] The most significant differences between the studied phosphatic brachiopod genera are given by the fraction of organics present either as pure organic layers and membranes or as organic matrix within the compact and baculate structures. The organic material is used in the investigated shells for two purposes: (1) As a template for the nucleation of mineral aggregate, and (2) as pure organic layers which lead to crack deviation and stop crack propagation.
Comparison to Modern Calcitic Brachiopod Shells
[25] A layered structure, comprising a primary, secondary (and occasionally tertiary) layer is also present in modern calcitic Terebratulide and Rhynchonellide articulated brachiopod shells [e.g., Samtleben et al., 2001] . However, the well-defined organic layers and membranes of modern phosphatic brachiopods are absent in calcitic forms, even though intracrystalline and intercrystalline organics [Curry et al., 1991; Samtleben et al., 2001 ] also contribute decisively to the functional properties of calcitic shells as reflected, for example, in the hardness distribution pattern [Griesshaber et al., 2007] .
[26] While phosphatic brachiopods use amorphous phosphate to obtain an enhanced hardness and stiffness of their primary layer and phosphate crystals within the secondary layer for strengthening the shell structure, calcitic brachiopods build their primary layer from nano-sized, randomly shaped calcite crystallites [Griesshaber et al., 2007] and compose their secondary layer from calcite fibers stacked in different directions [Schmahl et al., 2004] . Therefore molecular structure (amorphous or crystalline), crystallite size and microstructural organization play an important role in providing functional materials properties (strength, hardness, stiffness) in both, phosphatic as well as calcitic brachiopod forms.
[27] In calcitic shells crack stopping and crack deviating mechanisms arise with the aid of organic sheaths that surround each calcite fiber. In phosphatic forms the colloidal structure of phosphate particles could have a crack deviating effect at the nanoscale. At the microscale the laminates of organic and inorganic layers impede crack propagation by crack-blunting and crack-bridging mechanisms within the strongly mineralized compact secondary layer of the shell (Figures 10a and 10b ). These crack deviating mechanisms are highly energy-absorbing [e.g., Kruzic et al., 2003] and, since crack propagation is predetermined parallel, rather than perpendicular to the surface of the shell, the migration of cracks through the entire shell is favorably controlled.
Comparison to Other Phosphatic Biomaterials
[28] Apart from the phosphatic shells of inarticulate brachiopods, vertebrate bone is the only other Ca-phosphatic biomaterial with a structural supporting function. These two materials (phosphatic brachiopod shells and bones) are similar indeed in many respects. Both are hybrid composites, with a particle or crystallite size of calcium phosphate in the range of tens of nanometers. Bone apatite crystals are usually found to be platelet-shaped with dimensions ranging on the order of 25À100 nm length, 12À45 nm width, and 2À6 nm thickness [Landis et al., 1996; Erts et al., 1994; Weiner and Price, 1986; Kim et al., 1995; Ziv and Weiner, 1994; Fratzl et al., 1992; Wachtel and Weiner, 1994] . While the Ca-phosphate particles of the brachiopod shells (granules in Williams and Cusack [1999] terminology) are similar in size to bone apatite crystallites, they appear to be isometric rather than platelet shaped. A second analogy is the association of the calcium phosphate nanoparticles with organic fibers. For vertebrate bone, this is the protein collagen [Kadler, 1994 ; Prockop and Fertala, 1998], while for brachiopods it is mainly the carbohydrate chitin [Iwata, 1981; Williams and Cusack, 1999] . On higher length scales, the fracture-resistant structures of vertebrate bone can be somewhat more elaborate [Currey, 2002] , however, than the laminate of the brachiopod shell structure. At present we have only the Vickers microhardness data as an estimate of mechanical stability. We observed that the microhardness is related to the content of inorganic phase, and we find values of $ 25 HV 0.05/10 for the pure chitin to $190 HV 0.05/10 for the strongly mineralized ''compact'' layers. The total organic content of the shell of Lingula anatina is about 40% [Iwata, 1981] , whereas for Discinisca laevis and Discradisca stella it is about 25% [Williams et al., 1994 [Williams et al., , 1998a . For vertebrate bone or teeth the hardness also correlates with the amount of inorganic material in the mineralized structure, leading to a large range of hardness parameters between standard bony tissues, cement and dentine and highly mineralized bone and enamel [Currey and Abeysekera, 2003] . Human bony tissues have about 30% of organic content and the Vickers hardness is around 90 HV 0.05/10 [Currey and Abeysekera, 2003] and with a similar organic content tooth cement and dentine show 29 < HV 0.05/10 < 90.0. This order of magnitude compares well with the range of values found in the mineralized layers of the investigated brachiopod shells in this study (34 < HV 0.05/10 < 160). Human tooth enamel contains only about 1% of organic material that is mostly protein [Waters, 1980; Currey, 2002] and it reaches exceedingly high Vickers hardness between 270 and 375 HV 0.05/10 [Currey and Abeysekera, 2003].
Concluding Summary
[29] 1. The shells of modern, inarticulate brachiopods can be regarded as hybrid (i.e., organic/inorganic) composites. These particle reinforced fiber composites are used on the nanoscale by all investigated genera, which are used to construct hybrid laminated sequences on different length scales between predominantly inorganic and predominantly organic layers. The patterns of these laminates and the amount of incorporated phosphate in the shell is the most distinctive feature between the studied brachiopod genera. The primary layer of phosphatic brachiopods can be either entirely of organic material or it is composed of an organic matrix into which predominantly amorphous phosphate is embedded. In the secondary layer the animals incorporate crystalline calcium phosphate to a much higher content.
[30] 2. The hardness of the shell is given by the amount of incorporated phosphate, molecular structure of the used mineral, crystallite size and microstructural organization. These features are metabolically varied according to habitat requirements. The microhardness of inarticulate brachiopods compares well with the microhardness of bone and dentine. This can be attributed to the fundamental similarities in the fiber composite structure between the brachiopod shells and, for example, bone tissue at the microscale. The mechanisms to prevent crack propagation are comparable too. A remarkable feature of the brachiopod shell microstructure is the twisting of chitin fibers which leads to saw tooth shaped cracks along the relatively brittle compact layers.
[31] 3. We could identify up to seven levels of structural hierarchy in the shells. The specific use of varying fractions of organic and inorganic components together with a hierarchical design is an effective way to tune mechanical properties including the defense against crack formation and crack propagation. The hard outer layer (which is present in all epibenthic brachiopod forms) prevents most of the cracks forming and the lamination of the soft, organic-rich inner layer reduces stress concentration by distributing the force to a large area. If a crack nevertheless formed, the inner shell layer prevents crack propagation through crackbridging and crack-blunting effects.
